Background: Several animal studies have suggested that fluoride exposure may increase the levels of cardiometabolic risk factors, but little is known about whether fluoride exposure is associated with such risk in humans. Objectives: We examined the cross-sectional association between peripubertal exposure to fluoride and markers of cardiometabolic risk in 280 girls and 256 boys at age 10-18 years living in Mexico City. Methods: We measured plasma fluoride concentration using a microdiffusion method. We collected data on anthropometry including BMI, waist circumference (WC) and trunk fat percentage. We measured serum markers of cardiometabolic risk, including fasting glucose, insulin and lipids. All the indicators of outcome were converted to age-and sex-specific z-scores. We also calculated a summary cardiometabolic risk score for each participant. Multivariable linear regression models were used to examine these associations. Results: The geometric mean (95% confidence interval (CI)) of plasma fluoride was 0.21 μmol/L (0.20, 0.23 μmol/L) in the total sample. In girls, plasma fluoride concentrations were associated with higher z-scores for all the individual markers (except for lipids) and for the combined cardiometabolic risk score (risk score: β = 1.28, 95% CI: 0.57-2.00, p-sex interaction = 0.02)), adjusting for covariates. No associations were found in boys. Conclusions: We found that higher peripubertal fluoride exposure at the levels observed in this study population was significantly associated with increased levels of cardiometabolic risk factors in Mexican girls but not boys. Future studies with a longitudinal design are needed to confirm our findings and further elucidate the role of fluoride in cardiometabolic risk.
Council (NRC) called for future research to study the health risk from exposure to fluoride in order to protect vulnerable populations, especially children (National Research Council (U.S.) . Committee on Fluoride in Drinking Water, 2006) . A growing number of studies have linked fluoride exposure to several cardiometabolic risk factors. Specially, previous animal studies using rats have suggested that fluoride may affect glucose homeostasis and insulin resistance (Chehoud, 2008; Hu et al., 2012; Pereira et al., 2017) . Several animal reports showed that fluoride exposure can disturb lipid homeostasis: fluoride may lead to increased low-density lipoprotein cholesterol (LDL-C) and triglycerides (Czerny et al., 2004; Ma et al., 2012; Sun et al., 2014) , as well as decreased high-density lipoprotein cholesterol (HDL-C) (Afolabi et al., 2013) . Fluoride has also been related to increased blood pressure and risk of hypertension in humans (Amini et al., 2011; Sun et al., 2013; Yousefi et al., 2018) .
The majority of previous investigations that linked fluoride exposure to cardiometabolic risk used animal data, with only a few epidemiological studies focusing on hypertension in adults (Amini et al., 2011; Sun et al., 2013; Yousefi et al., 2018) . However, these 3 studies lacked individual fluoride biomarkers to assess fluoride exposure. Furthermore, no existing studies have evaluated sex-related differences in these associations. To address these gaps, we examined the association between peripubertal plasma fluoride and multiple indicators of cardiometabolic risk in 280 girls and 256 boys aged 10-18 years residing in Mexico City.
Methods

Study population
The present analysis included participants of the Early Life Exposures in Mexico to ENvironmental Toxicants (ELEMENT) study, which consists of three sequentially-enrolled cohorts of pregnant women living in Mexico City between 1994 and 2005 (Hu et al., 2006) . Briefly, cohort 1 participants did not have measured plasma samples and were excluded. Cohort 2 was an observational study; participants of cohort 2A were recruited between 1997 and 1999, and participants of cohort 2B were recruited between 1999 and 2001. Cohort 3 was a randomized clinical trial with calcium supplementations, and its participants were recruited between 2001 and 2003. Details on the ELE-MENT study including recruitment, eligibility criteria and collection of maternal information have been published previously (Bashash et al., 2017) . In 2015, a subset of the offspring (n = 550) were re-recruited if they were in peripubertal period (age 10-18 years). During the inperson visits, children participated in the anthropometric assessments, provided an 8-hour fasting blood sample, and completed interviewbased questionnaires. Of the 550 participants, the present study included 536 children who had data on plasma fluoride and at least one measurement of cardiometabolic outcomes.
Research protocols of this study were approved by the Institutional Review Board at University of Michigan, Indiana University and the Mexico National Institute of Public Health. Maternal informed consent and child informed assent were obtained prior to enrollment.
Plasma fluoride
Fasting blood samples were stored in a 2 mL heparin tube at −80°C, and shipped to Indiana University Oral Health Research Institute (OHRI) for fluoride analysis. Fluoride levels in plasma were measured using a fluoride ion-selective electrode (Orion No. 96-09; Fisher Scientific Co.) and a pH/ion meter (Orion Dual Star) following a modified hexamethyldisiloxane (HMDS, Sigma Chemical Co., St Louis, MO, USA) microdiffusion method as described previously (Martinez-Mier et al., 2011; Thomas et al., 2016) . Fluoride concentrations were calculated by comparing the millivolt readings of plasma samples achieved from the ion-selective electrode and pH/ion meter to standard curves. A subset of plasma samples (n = 58) that had sufficient volume was measured in duplicate, of which 100% complied with the quality control criteria (i.e. relative standard deviation (RSD) < 10%). The average of two values was taken. Although the duplicate analyses were not conducted in the remaining samples, all these samples were included in the final analyses due to the fact that OHRI provides high quality control for fluoride analysis (Bashash et al., 2017; Thomas et al., 2016) . All plasma samples were above limit of detection (LOD) at 0.25 nmol/L. Plasma fluoride can be considered as a biomarker that evaluates recent exposure or fluoride balance, although there is some evidence suggesting that fasting concentrations may be used as a proxy for estimating chronic exposure to fluoride (National Research Council (U.S.). Committee on Fluoride in Drinking Water, 2006).
Cardiometabolic risk factors
Weight, height and waist circumference (WC) were measured by trained research staff using standardized protocols (Lohman et al., 1988) . Body mass index (BMI) z-scores were calculated from weight and height, and then converted to age-and sex-specific z-scores using the World Health Organization growth reference (de Onis et al., 2007) . WC was measured using a non-stretchable measuring tape (QM2000; QuickMedical) at the level of the umbilicus, and was averaged across three repeated measurements. Tetrapolar bioelectrical impedance was measured using InBody 230 (Biospace Co, Ltd, South Korea) to estimate trunk fat percentage by trained staff. Systolic (SBP) and diastolic blood pressure (DBP) were measured in quintuplicate by the trained research staff using a digital automatic blood pressure monitor (BpTRU BPM-200, Canada); the five repeated measures were averaged (each participant had all 5 measurements). The average blood pressure (BP) was calculated using the mean value of SBP and DBP.
Serum concentrations of glucose, lipid and other hormones were only measured in a subset of children (n = 400) due to budget constraints. Fasting glucose, insulin and lipids including triglycerides, LDL-C and HDL-C were measured in serum at the Michigan Diabetes Research Center (MDRC) Chemistry Lab. Glucose was quantified using Glucose-SL assay employing an enzymatic method, and insulin concentrations were measured by an immunoturbidimetric assay (both from Sekisui Diagnostics, LLC, Lexington, MA). Triglycerides were measured using enzymatic colorimetric method with a Cobas Mira automated chemistry analyzer (Roche Diagnostics, Indianapolis, IN). HDL-C and LDL-C were measured by direct HDL-C (Roche Diagnostics, Indianapolis, IN) and direct LDL-C assays (Equal Diagnostics, Exton, PA), respectively. All the assays described above were in line with the National Cholesterol Education Program (NCEP) guidelines. All the serum markers were above LOD. In addition, we calculated the index of insulin resistance, namely the homeostatic model assessment of insulin resistance (HOMA-IR) using the following formula: HOMA-IR = insulin (µU/mL) * glucose (mg/dL)/405 (Yokoyama et al., 2004) . All individual factors were then converted to standardized age-and sexspecific z-scores. Finally, a continuous cardiometabolic risk score was constructed by summing the five internally standardized z-scores including the indicator of central obesity (WC), blood pressure ([SBP + DBP]/2), glucose homeostasis (fasting glucose), insulin and lipid metabolism (triglycerides/HDL-C ratio). A higher score indicates a higher cardiometabolic risk (Ford and Li, 2008) . This summary cardiometabolic risk score was constructed based on the previously published score by Viitasalo et al. (2014) who demonstrated its association with the main components of metabolic syndrome, the incident of type 2 diabetes and cardiovascular disease in children and adults. This cardiometabolic risk score was used due to the fact that there is no consensus definition for metabolic syndrome in children and adolescents. from questionnaires at the time of anthropometry measurements. SES in the Mexican population was classified using the index developed and standardized by the Mexican Association of Market and Public Opinion Research Agencies (AMAI) in 2011. AMAI 8x7 has identified seven socioeconomic levels ranging from A to E based on household possessions: A/B and C+ represent the upper class, while D and E indicate the lower class. Middle class was defined as having a socioeconomic level at C, C-or D+ (López-Romo, 2011) . Birth weight of nude newborns was measured within 12 h of delivery using calibrated beam scales (Oken, Model TD16, Naucalpan, México). Maternal age, marital status and smoking history, breastfeeding duration, gestational age and number of siblings at birth were collected from questionnaires at pregnancy or postnatal visit. Puberty in both sexes was evaluated by a trained physician using Tanner staging of pubic hair growth following a standardized protocol (Liu et al., 2019b) . Specifically, Tanner stage = 1 indicates prepuberty. Tanner stage = 2 indicates the onset of puberty demonstrating by the sparse growth of long pigmented downy hair Tanner, 1969, 1970) . At stage 3, the pubic hair is considerably darker, coarser, and curlier with sparsely spreading over the junction of the pubes. At stage 4, the pubic hair is adult in type but the coverage is smaller than in adults. Tanner stage = 5 indicates fully matured stage.
Statistical analysis
We performed univariate and bivariate analyses. Continuous variables with skewed distributions were transformed by taking the natural logarithm including plasma fluoride, insulin, HOMA-IR and triglycerides. Descriptive data are presented as mean ± standard deviations (SD) or proportions (%). Geometric mean and 95% confidence intervals (CI) are presented for non-normally distributed variables. The Wilcoxon signed-rank and Kruskal-Wallis tests were used to examine the difference in the plasma fluoride concentrations by the level of each key variable in children. All the individual risk factors were standardized prior to the final analyses as described above. Extreme outliers of insulin and HOMA-IR of one participant and HDL-C of two participants were identified and excluded using generalized extreme Studentized deviate (ESD) method (Rosner 1983) .
We evaluated the modifying effect of children's sex on the associations between peripubertal fluoride exposure and cardiometabolic risk by including interaction terms between plasma fluoride and sex for each outcome. Since we found evidence of children's sex as a modifier (P-interaction < 0.05), we examined sex-specific associations of plasma fluoride and each indicator of child cardiometabolic risk.
Multivariate linear regression was used to assess the association of log-transformed fluoride exposure with each measure of body fat (zscores for BMI, WC and trunk fat percentage), blood pressure (z-scores for SBP and DBP), glucose homeostasis (z-scores for fasting glucose and insulin), insulin resistance (z-scores for HOMA-IR) and lipid metabolism (z-scores for triglycerides, HDL-C and LDL-C), as well as the cardiometabolic risk score. We chose covariates a priori if they are well-known to be associated with cardiometabolic risk or fluoride exposure or they were potential confounders. All models were adjusted for child birth weight, gestational age and number of siblings at birth, maternal age, breastfeeding duration, marital status and smoking history, household SES and cohort, and child age at visit. We defined statistical significance as p ≤ 0.05. All statistical analyses were performed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA).
Sensitivity analyses
We performed multiple sensitivity analyses. First, we redid all the analyses by additionally adjusting for peripubertal calcium intake. For blood pressure, we further adjusted for peripubertal sodium intake (a proxy for salt intake) and BMI z-score. Secondly, we reanalyzed all the models with the additional adjustment for pubertal stage, which has been correlated with increased metabolic disorders in adulthood (Widen et al., 2012) . Pubertal stages were assessed by an experienced pediatrician using Tanner stage ranging from 1 to 5 for pubic hair growth for both sexes (Liu et al., 2019b) . Thirdly, given that low birthweight (LBW) and preterm birth have been linked to increased risk of cardiovascular disease (CVD) in later life (Luu et al., 2016; Newsome et al., 2003) , we repeated our analyses by excluding children born preterm (gestational age < 37 weeks) or low birth weight (< 2.5 kg) (total n = 57). Fourthly, we re-ran the models including extreme outliers of insulin, HOMA-IR and HDL-C as part of the sensitivity analyses. Finally, we examined the adjusted prospective association between maternal plasma fluoride during pregnancy and each cardiometabolic outcome in children at age 10-18 years; however, only a small subset of our participants (n = 75 for girls and n = 64 for boys) had measured plasma fluoride during pregnancy (average of 3 trimesters) due to the insufficient volume of maternal samples, which can reduce the power to detect significant results.
Results
We included 536 children with a total of 280 girls and 256 boys in the final analyses. In the total sample, the geometric mean (95% confidence interval (CI)) of plasma fluoride was 0.21 μmol/L (0.20, 0.23 μmol/L). The mean age for children was 14.5 years (SD: 2.1) ( Table 1) . On average, mothers were 26.3 (SD: 5.4) years old at delivery, 29.2% were single, and 47.0% had a history of smoking. In this study sample, 12.8% were at stage 1 (prepubertal), 19.0% at stage 2 (pubertal onset), 24.0% at stage 3, 24.6% at stage 4, and 19.6% were at stage 5 (adult). Table 2 shows that children > 16 years had higher plasma fluoride levels than younger children (geometric mean: 0.27 μmol/L versus 0.18 μmol/L, p < 0.0001); the fluoride concentrations were slightly higher in boys than girls (geometric mean: 0.23 μmol/L versus 0.20 μmol/L, p = 0.03); higher plasma fluoride was observed in those who had been breastfed ≥ 6 months (p = 0.002); the fluoride concentrations in plasma were slightly lower in children whose mothers had a smoking history (p = 0.03); children whose mothers enrolled in cohort 3 with calcium treatment during pregnancy had the lowest plasma fluoride levels (p < 0.0001). No significant differences in fluoride levels across categories of other covariates were detected. Mean ± SD or geometric mean (95% CI) is shown for each cardiometabolic outcome in Table 3 . We report the adjusted associations of log-transformed plasma fluoride with z-scores for individual cardiometabolic risk factors and the cardiometabolic risk score in girls (Table 4 ) and boys (Table 5) using separate models. In sex-stratified analyses, we observed significant associations between plasma fluoride and cardiometabolic outcomes only among girls (Table 4 ; Fig. 1 ). In girls, multivariate linear regression models showed that increasing plasma fluoride was significantly associated with a higher z-score for BMI, WC, trunk fat percentage and blood pressure (SBP and DBP). In addition, we observed a significant increase in fasting glucose and insulin z-scores in relation to higher plasma fluoride, adjusted for the same covariates (glucose: β = 0.25, 95% CI: 0.06-0.45, p = 0.01, p-sex interaction = 0.04; insulin: β = 0.29, 95% CI: 0.11-0.47, p = 0.002, p-sex interaction = 0.01). Plasma fluoride was associated with increased insulin resistance, as indicated by HOMA-IR (HOMA-IR: β = 0.32, 95% CI: 0.13-0.50, p = 0.001, p-sex interaction = 0.005). Using the continuous cardiometabolic risk score, we found a positive association between plasma fluoride and cardiometabolic risk (β = 1.28, 95% CI: 0.57-2.00, p = 0.0005, p-sex interaction = 0.02). However, plasma fluoride was not associated with lipids (triglycerides, HDL-C or LDL-C) in girls. No associations were detected in boys (Table 5) .
In sensitivity analyses, including the extreme outliers (insulin and HOMA-IR of one participant and HDL-C of two participants) did not change our results (data not shown). Our results did not change meaningfully with additional adjustment for peripubertal calcium Y. Liu, et al. Environment International 134 (2020) 105302 intake (Supplemental Table 1 and 2) or additional adjustment for both peripubertal sodium intake and BMI z-score for blood pressure (Supplemental Table 1 and 2). When further adjusting for pubertal stage ( Supplementary Table 3 ) or excluding children who were born preterm or low birth weight (total n = 57) ( Supplementary Table 4 ), the associations with BMI z-score and WC became borderline significant (p < 0.10); the magnitude, direction and significance of other observed associations were not altered significantly. We examined the prospective association of prenatal fluoride exposure and cardiometabolic risk factors in a much smaller subset of our participants who had available data and found no significant associations ( Supplementary  Table 5 ).
Discussion
Our study is the first to examine the association between fluoride exposure using a biological marker and multiple indicators of cardiometabolic risk in children. We found sex-specific associations of childhood fluoride exposure (as indicated by plasma fluoride) with increased child cardiometabolic risk. In our study of Mexican children, higher plasma fluoride was significantly associated with higher body fat, blood pressure, glucose, insulin, insulin resistance and the continuous cardiometabolic risk score in girls, but not in boys.
No previous studies have directly analyzed the association between fluoride and cardiometabolic risk score, but several animal investigations and a few epidemiological studies have shed light on the association with each individual component of metabolic syndrome. To date, two published studies have examined the association of fluoride exposure with adiposity in humans and reported no associations, which was inconsistent with our results. A study of 149 Indian children aged 6-18 years living in West Bengal showed that fluoride exposure through drinking water (mean: 2.11 mg/L) was not associated with child BMI at age 6-18 years (Das and Mondal, 2016) . Another investigation reported no association of fluoride in drinking water (mean: ranged from 0.68 to 10.30 mg/L across 4 villages) with BMI or WC in 346 adults from four villages of northwestern Iran (Yousefi et al., 2018) . Unlike our study that included individual biomarker of fluoride (i.e. plasma), these studies were limited by estimating fluoride exposure using drinking water concentrations at the population level. Our participants were exposed to fluoridated table salt at 200-250 mg/kg salt, while other studies were conducted in the countries where drinking water is the major source of fluoride exposure. In addition, these two investigations were not able to control for potential confounders and were limited by the relatively small sample sizes (n = 149 and 346, respectively) (Das and Mondal 2016; Yousefi et al., 2018) . Furthermore, neither of these studies examined whether sex serves as a potential modifier.
We found a positive association between fluoride exposure and blood pressure, which was consistent with earlier epidemiological studies. Specifically, with the increase in the level of fluoride in ground water (mean: 0.53 mg/L), the prevalence of hypertension and SBP were increased in an Iranian population across 30 provinces (Amini et al., 2011) , which was supported by another investigation conducted among Iranian adults (Yousefi et al., 2018) . Similarly, a Chinese study of 487 adults aged 40 to 75 years residing in Heilongjiang Province found that higher fluoride in the drinking water (≥3.01 mg/L versus ≤ 1.20 mg/ L) was associated with an increased risk of hypertension (Sun et al., 2013) . A cross-sectional study of 417 children aged 5-12 years in Chihuahua, Mexico suggested that fluoride exposure may be associated with alterations in vascular biomarkers in childhood (Jimenez-Cordova et al., 2019) .
We showed that plasma fluoride was associated with higher levels of glucose, insulin and insulin resistance in girls. Although no epidemiological studies have examined such associations, previous animal investigations suggested that fluoride exposure may cause a rise in the concentrations of glucose, insulin and its resistance in rats. Specifically, Hu et al. showed that high fluoride exposure increased serum insulin concentrations in 50 rats starting at two months of age that received fluoride in drinking water at 100 mg/L for a year compared with a control group (Hu et al., 2012) . Their findings were confirmed by another study using two-month-old rats (n = 32) that were treated with fluoride through drinking water at 50 mg/L for 42 days (Pereira et al., 2017) . The later study also provided evidence that fluoride causes a rise in insulin resistance measured by HOMA-IR (Pereira et al., 2017) . One study using one dosage of fluoride (1.0 mg/kg per body weight) by gavage in 40 older rats (11 months of age) revealed that high fluoride exposure induced hyperglycemia (Chehoud, 2008) .
In our cohort, fluoride exposure was not associated with serum lipid concentrations. No human studies have examined these associations, but previous investigations using animal data reported mixed findings (Afolabi et al., 2013; Czerny et al., 2004; Ma et al., 2012; Sun et al., 2014) . Seventy-two rabbits who received fluoride at 50 and 100 mg/L in drinking water for five months had higher serum LDL-C, compared with those with no treatment (Sun et al., 2014) . Similarly, another report found that 24 rats aged 9-10 weeks who were treated with fluoride in drinking water at the same dosage experienced increased LDL-C concentrations and decreased HDL-C in plasma (Afolabi et al., 2013) . Czerny et al. confirmed these findings on LDL-C using 50 rats treated with fluoride orally at the level of 20 mg/kg per body weight for three months (Czerny et al., 2004) . Increased serum LDL-C and the LDL-to-HDL ratio were also observed in 32 rabbits with fluoride at 50 mg/L in drinking water for six months, but no changes were found in the levels of triglycerides and HDL-C (Ma et al., 2012) . It has been suggested that 5 mg/L fluoride in drinking water for rats may correspond to about 1 mg/L for humans (Dunipace et al., 1995) .
The mechanisms by which fluoride exerts its impact on metabolic syndrome are not entirely understood: however, fluoride may induce oxidative stress (Lu et al., 2017; Oyagbemi et al., 2017) and inflammation (Afolabi et al., 2013; Ma et al., 2012) , and disrupt sex hormones (Duan et al., 2016; Ortiz-Perez et al., 2003; Zhou et al., 2013) , all of which have been recognized to play a major role in obesity, insulin resistance, hyperglycemia, dyslipidemia, and hypertension. Together, these cardiometabolic risk factors significantly increase the risk of cardiovascular disease (Siti et al., 2015) . Given that previous analyses showed sex differences in regulating glucose, insulin sensitivity and lipid metabolism (Kim and Halter 2014; Macotela et al., 2009) , it is reasonable to examine the sex-specific association of fluoride with metabolic risk and its components. In our study, the significant associations between fluoride exposure and child cardiometabolic risk were only observed in girls but not in boys. These findings are biologically plausible. It has been shown that exposure to fluoride may lead to decreased serum estrogen and progesterone levels in females (Zhou et al., 2013) , which may play a protective role in the development of cardiovascular disease in women of reproductive age (Bhupathy et al., 2010; dos Santos et al., 2014) . Further studies that include these sex hormones as mediators are needed.
The geometric mean of plasma fluoride in our study sample was 0.21 μmol/L (95% CI: 0.20-0.23 μmol/L). The fluoride levels in plasma in our study population are comparable to the levels reported by other populations. Here, we compared the plasma fluoride levels in our cohort with other populations; however, available studies measuring fluoride concentrations in plasma were quite limited. A U.S. study using data from the National Health and Nutrition Examination Survey (NHANES) 2013-2014 reported a geometric mean at 0.41 μmol/L (95% CI: 0.39-0.44 μmol/L) and 0.40 μmol/L (95% CI: 0.36-0.44 μmol/L) in 1075 children aged 6-11 years and 1250 adolescents aged 12-19 years, respectively (Jain, 2017) . Fifteen adults aged 25-35 years from Brazil had a mean value of plasma fluoride at 0.44 μmol/L (SD: 0.10 μmol/L) or 0.55 μmol/L (SD: 0.10 μmol/L), depending on the communities of living (Cardoso et al., 2006) .
According to our sensitivity analyses, pubertal stage might confound the associations of fluoride exposure with children's adiposity, Fig. 1 . Adjusted associations of log-transformed plasma fluoride with cardiometabolic risk factors in girls. SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMA-IR, homeostatic model assessment of insulin resistance; Adjusted for child birth weight, gestational age and number of siblings at birth, maternal age, breastfeeding duration, marital status and smoking history, household social economic status score and cohort, and child age at visit. which is consistent with our previous findings suggesting fluoride may affect pubertal development (Liu et al., 2019a) . It is possible that puberty might serve as a mediator of these associations; however, due to the cross-sectional design of this study, we lack the ability to demonstrate that puberty is part of the causal chain between fluoride exposure and cardiometabolic health. On the other hand, excluding children who were born preterm or low birth weight might also confound such associations. Fluoride exposure has been related to adverse birth outcomes (Zhang et al., 2019) . In addition, infants who were born preterm are more sensitive to have altered renal function in later life, and the major excretion pathway of fluoride exposure is through kidney (Sanders et al., 2018) . Furthermore, infants with smaller body size are exposed to higher dosage of fluoride during fetal life and subsequently accumulate fluoride in their bones (National Research Council (U.S.). Committee on Fluoride in Drinking Water, 2006). During puberty, fluorides stored in skeletons are released to children's blood stream (van Coeverden et al., 2002) . Therefore, it is possible that preterm birth or low birth weight may be associated with greater fluoride levels in childhood.
Our study has some limitations. First, due to budget constraints, serum concentrations of glucose, lipid and other hormones were only measured in a subset of children (n = 400). Second, we did not collect information on salt intake so we used sodium intake as a proxy; it is reasonable because salt is the major source of sodium intake. Third, the cross-sectional design does not reflect any causal association. It is possible that children with high levels of cardiometabolic risk factors may be exposed to a high salt diet and high consumption of sugarsweetened beverages that contain high levels of fluoride (Cantoral et al., 2019) . Finally, given that the study population represents low-tomiddle class among Mexican population, our findings may not be generalizable to other socioeconomic groups or populations with different ethnic composition. Despite these limitations, this study has several strengths. We were able to use multiple individual markers and a combined score of cardiometabolic risk, as well as an individual biomarker of fluoride. Several potential confounders and covariates associated with fluoride or cardiometabolic risk were considered in our study. Finally, we examined the sex-specific association between fluoride and cardiometabolic risk and found that these associations varied by child sex, which has not been previously reported.
Conclusions
In conclusion, our study suggested that higher fluoride exposure may increase the risk of cardiometabolic risk in children following a sex-specific pattern. Given that household SES and ethnicity are important risk factors for cardiometabolic risk, our findings may not be generalizable to other populations or socioeconomic groups. In addition, our results may not be generalizable to other populations exposed to fluoride through water supply or other vectors, since our participants received fluoride from table salt. Studies with a longitudinal design conducted in different populations and socioeconomic groups and including sex hormones are needed to confirm our findings and further elucidate the potential sex differential effect of fluoride exposure on the risk of cardiovascular disease.
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